and GFP were from Roche. Phospho-ERK (9101), phosphor-Ser259 C-Raf (9421), and EGFR (2232) were from Cell Signaling Technology. 4G10-phosphotyrosine and Pyo/ was from EMD Millipore. p120-catenin (72039) was from Abcam. Transferrin receptor, E-Cadherin (Clone: HECD-1) were from ThermoFisher. p120 Catenin (610133), phospho-T310 p120-catenin (558203), and GM130 (612008) were from BD Pharmingen. a-tubulin (T6199) and g-tubulin (T5192) were from Sigma. For immunofluorescence, p120-catenin (11507) from
3 the supernatant containing extracted cytosolic proteins, cells were washed twice with ice-cold PBS and then incubated for 5 min at 4 o C in Triton lysis buffer (30 mM Tris pH 8.0, 75 mM NaCl, 1% Triton-X100, 10 mM MgCl2 and 10% glycerol). Supernatant containing the Triton soluble fraction was removed and the Triton-insoluble fraction was collected by scraping the residual material into a small volume of RIPA buffer (20mM Tris [pH 8 .0], 137 mM NaCl, 10% glycerol, 1% NP-40 alternative, 1% SDS, and 0.1% sodium deoxycholate). To determine total protein content, cells grown on a duplicate plate were scraped directly into RIPA buffer. All buffers were supplemented with 10 µg/mL leupeptin, 85 µg/mL aprotinin, 1 mM PMSF, and 0.5 mM Na3VO4 immediately prior to extraction, and all fractions were cleared of insoluble material prior to immunoblot analysis.
Random Cell Migration Assays. MCF10A cells expressing M-Ras Q71L were transfected with siNeg or siShoc2 RNAs. 48 h after transfection, cells were trypsinized, and 1.5x10 3 cells were plated on collagen-coated (5µg/mL) glass-bottom two-well chambers. After incubation on the pre-heated microscope stage for 1 h, migration was monitored by imaging 5-10 randomly chosen positions per well at 3 min intervals for 12 h. Immunofluorescent Staining. Cells were fixed using 4% paraformaldehyde in Tris buffered saline (TBS) for 10 min, permeabilized with 0.5% Triton-X100 (in TBS) for 5 min, and incubated in blocking solution [3% BSA (w/v) in TBS containing 0.2% Tween-20 (TBS-T)] for 1 h at 25 o C.
Cells were then incubated in blocking solution containing primary antibodies for 1h at 25 o C.
After washing extensively with TBS-T, cells were incubated with the appropriate secondary antibodies diluted in blocking buffer for 1h at 25 o C. Following extensive washing in TBS-T, cells were mounting in ProLong Gold antifade medium containing DAPI (ThermoFisher), and images were acquired using confocal microscopy.
Surface Protein Biotinylation. Cell surface proteins on confluent monolayers of MCF10A cells
expressing control or Shoc2 shNA were biotinylated as previously described (Le et al., JCB 1999). Cells were then lysed and equal protein amounts were incubated with 25 µL of neutravidin agarose bead slurry (ThermoFisher 29201) for 1 h at 4 o C to isolate the biotinylated proteins. Beads were then washed three times with ice-cold RIPA buffer, following which the bound biotinylated proteins were eluted into sample buffer containing DTT (to cleave biotin) and examined by western blot analysis using an antibody recognizing the intracellular domain of E-Cadherin (H-108).
Fluorescence Recovery After Photobleaching (FRAP). MCF10A cells (2.5×10 5 ) were plated onto collagen-coated glass-bottom dishes and left to adhere overnight. Photobleaching experiments were performed using a Zeiss LSM780 confocal microscope. Cells were maintained at 37°C and imaged using the following settings: 4 μs pixel dwell time, 0.5% 488 nm laser power.
For FRAP experiments, a circular ROI with 30 pixel diameter (~4 µm) was bleached using 100% laser power of the 488 nm line for 20 iterations, resulting in ~80% reduction of the fluorescence intensity in the bleach ROI. Images of the entire frame were captured every second for 5 min with definite focus turned on to readjust focus every 5 s. Recovery curves were normalized using the double normalization procedure as described in Phair et al, 2004 (1) . Normalized recovery curves were exported into GraphPad Prism for exponential curve fitting. Data were fit using the following exponential function: Y=Y0-A*exp(-K1X)-B*exp(-K2X) where K1 and K2 represent rates of fast and slow recovery of fluorescence respectively. The half-time of recovery was calculated using the formula T1/2=ln2/K, where K1 and K2 were obtained from the exponential curve fit.
Particle Image Velocimetry (PIV) Analysis of Collective Cell Migration. Phase-contrast
images acquired every 5 min during wound healing assays were used for velocimetry. Because velocimetry is sensitive to any movement in the field, the time-lapse movies were first processed using a single-step discrete Fourier transform (DFT) registration algorithm as described elsewhere (2) to correct for any x-y stage drift. Images were upsampled by a factor of 0.01 resulting in sub-pixel registration within 1/100 th of a pixel. Drift-corrected movies were then analyzed using MatPIV package implemented in MATLAB (3). Time-lapse movies were cropped such that (i) nearly 50% of the initial field of view was covered by the monolayer and (ii) cell migration proceeded in the positive x-direction. Free edges from the opposing side of the scratch (negative x-direction) were rotated to fit the preceding parameters. For consistency across biological conditions, analysis started at frame 1 and ended when the denuded area was completely covered by control MCF10A cells (~14 h from start). Custom MATLAB code was generated to compute masks representing areas denuded of cells in the time-lapse sequence.
Briefly, two successive images were subtracted to remove invariant background information. The resulting image was passed through a median filter (5x5 pixels) followed by a local entropy filter (9x9 pixels). Conversion to a binary image followed Otsu's thresholding method. Binary images were then morphologically opened with a 4-pixel disk-like structuring element. Holes in the images were then filled before extracting a mask representing cell-free areas. These masks were used to remove spurious velocity vectors emanating from occasional movement of debris left behind due to abrasion of the monolayer. A multi-pass approach to PIV analysis was then conducted using two iterations with interrogation windows that were 64x64 pixels (83.2x83.2 µm), 32x32 pixels (41.6x41.6 µm) and 16x16 pixels (20.8x20.8 µm) wide. A 50% overlap was used at each interrogation step and outliers were detected using a signal-to-noise filter provided as part of the MatPIV package. The velocity field obtained contained two velocity components ui,j (axial, parallel to the direction of migration) and vi,j (lateral, perpendicular to the direction of migration) that were used for further analysis. Coefficient of variation was calculated by taking the ratio of standard deviation to the mean values of all frames in the movie. All MATLAB code used for analysis in the study is available on github (https://github.com/kotaonline/morphodynamics) Spatial velocity correlation. Velocity correlation length was calculated as described previously (4, 5) . Briefly, the mean value of velocity from each frame was subtracted from individual The resulting correlation coefficients were binned at a binwidth of 30 µm to match the PIV window dimensions (20.8x20.8 µm), and the spatial correlation profile was fit using a single exponential decay with plateau equation in GraphPad Prism. Of note, correlation coefficient values below 0.01 were not included in the fitting process. Velocity correlation length was defined as the extrapolated value (from the fit) of the x-coordinate (length) where the ycoordinate (correlation coefficient) reaches zero.
Biorthogonal decomposition (BOD). BOD analysis was performed as described elsewhere (6) .
Briefly, the velocity field of collectively migrating epithelium was defined using a system of Wound closure was quantified and plotted as percent normalized wound coverage (right). Error bars represent mean +/-SD, and statistical significance was determined using t-test, ****p<0.0001.
